Iron-sulphur clusters are thought to be among the most ancient of biological cofactors. Iron and sulphide were abundant on prebiotic Earth, and iron and sulphide readily assemble into iron-sulphur clusters in the presence of thiolate ligands.
Duplications of an iron-sulphur tripeptide leads to the formation of a protoferredoxin † Iron-sulphur clusters are thought to be among the most ancient of biological cofactors. Iron and sulphide were abundant on prebiotic Earth, and iron and sulphide readily assemble into iron-sulphur clusters in the presence of thiolate ligands. 1 The protein conformation most commonly associated with iron-sulphur cluster coordination, i.e. the babbab ferredoxin fold, is widespread in biology, suggesting that the fold itself is ancient.
2-5 [2Fe-2S] and [4Fe-4S]
ferredoxins play important roles in electron transfer reactions and participate in central metabolic pathways including those that lead to the formation of a proton gradient that is used, in part, to drive the synthesis of ATP. 6 Before the existence of complex protein folds, life must have relied on simpler, readily available catalysts. It has been proposed that iron-sulphur containing minerals could have played such a role and thus helped shape protometabolic processes that were later mediated by iron-sulphur proteins. [6] [7] [8] [9] However, the transition from mineral to biological cofactor is unclear. One possibility is that small, redox active iron-sulphur peptides grew into longer chains with increased stability and activity through duplication events. Eck (Fig. 1) . Glutathione was used as a model prebiotic tripeptide, because this peptide has already been shown to coordinate an iron-sulphur cluster and because glutathione is readily available. Our data show that [2Fe-2S] tripeptide complexes are highly dynamic, exhibit redox activity, and become more stable upon polymerization. Further, polymers composed of repeating tripeptide units give cysteinyl ligand spacing similar to contemporary ferredoxins.
The optimal stoichiometry of glutathione, FeCl 3 , and Na 2 S was determined for cluster assembly on the tripeptide glutathione. Titrations were monitored by the decomposition of UV-visible absorption spectra (Fig. S1, ESI †) . A stoichiometric amount of each component did not give a [2Fe-2S] under anaerobic conditions. 1 H NMR spectroscopy showed that instead of cluster formation, glutathione became oxidized, presumably by donating electrons to the ferric ions (Fig. S2 , ESI †). At an iron ion concentration of 0.5 mM, a maximum amount of [2Fe-2S] was formed with 80 : 1 : 0.4 glutathione : FeCl 3 : Na 2 S (Fig. S3-S5 , ESI †). The requirement for excess glutathione was confirmed by chromatography with a glutathione conjugated sepharose resin. The eluate containing [2Fe-2S] glutathione was detected only when free glutathione was present in the running buffer (Fig. S6 , ESI †).
[2Fe-2S] glutathione showed a UV-visible absorption spectrum similar to that of human ferredoxin (Fig. 2) , and the mass spectrometry was consistent with four glutathiones coordinated to one [2Fe-2S] (Fig. S7 , ESI †), as previously reported. 15 A pH titration revealed that [2Fe-2S] glutathione persisted between pH 7.5 and pH 10, with a maximum at pH 8.5 ( Fig. S8 , ESI †). The cluster was stable to 0.5 M NaCl and MgCl 2 ( Fig. S9 , ESI †). 16 The large excess of peptide that was needed to stabilize the iron-sulphur cluster suggested that the rate of ligand exchange was high. To gain more insight into the dynamics of the system, [2Fe-2S] glutathione was assessed by NMR spectroscopy. Even though the ratio of free glutathione to cluster coordinated glutathione was 80 : 1, only one set of proton resonance peaks was observed, consistent with ligand exchange within hundreds of milliseconds. The main difference in the diamagnetic region was the broadening of the peaks with respect to glutathione in the absence of the [2Fe-2S] (Fig. S10, ESI †) . The extent of broadening and the uneven quenching of the resonance amplitudes was consistent with interactions with paramagnetic centres. In fact, we were able to observe the paramagnetic shifted resonances of the a and b protons of cysteine at 11 ppm and 30-40 ppm (Fig. 3a) by decreasing the recycle delay and the acquisition time of the experiments. The detected hyperfine resonances were similar to those previously observed for reduced,
, ferredoxin. 17 Since the NMR data suggested the presence of a reduced cluster, whereas previous Mössbauer measurements on freshly prepared sample were consistent with an oxidized cluster, 14 we probed whether the [2Fe-2S] coordinated to glutathione was redox active. Oxidized clusters, i.e. [2Fe-2S] 2+ , are EPR silent because of antiferromagnetic coupling, whereas reduced ferredoxinlike centres show a distinctive g = 1.9 signal. 18 The addition of the reductant dithionite to a freshly prepared sample showed EPR features consistent with a [2Fe-2S] 1+ coordinated to glutathione ( Fig. 3b and Fig. S11 and S12, ESI †). To determine whether the reduced state was stable and capable of returning to the oxidized state, a reduced sample was run through a Sephadex G-10 gel filtration column to remove the reductant and any degraded cluster that may have formed. The eluate was then oxidized with hydrogen peroxide. The resulting UV-visible absorption spectrum showed the presence of [2Fe-2S] 2+ glutathione, confirming that [2Fe-2S] glutathione can go through one complete round of reductionoxidation (Fig. S11 , ESI †). Several rounds of reduction and oxidation with dithionite and hydrogen peroxide were possible with minimal degradation of the iron-sulphur cluster (Fig. 3c) . The data were consistent with the ability of a tripeptide to mimic the cluster coordination and redox activity of ferredoxin proteins. Since a tripeptide displayed some of the properties of a ferredoxin, we wondered if longer polymers consisting of repeating tripeptide units would lead to a more stable, protoferredoxin-like sequence. However, in order for such a mechanism to work, the spatial orientation of the peptidyl ligands needs to be preserved from the transition of a tripeptide to longer polymers. Extracting such detailed structural information from experimental data was not practical because of the dynamics of the complex and the paramagnetism of the cluster. Therefore, a computational model was built. Density functional theory (DFT) calculations were used to map the parameters of the [2Fe-2S] by using coordinates from the deposited crystal structure of glutaredoxin as a starting point. Glutaredoxin contains a [2Fe-2S] coordinated to two cysteine ligands provided by two glutathione molecules and two cysteines from protein subunits. To simplify the calculations, each ligating cysteine was truncated at the b carbon, as previously described. The structure of [2Fe-2S] glutathione suggested that polymerization into longer peptide polymers would not interfere with the geometric stability of the molecule. The three-dimensional conformation of the complex as a whole was not globular, exhibiting a largely planar shape. The structure was stabilized by intramolecular backbone electrostatic contacts including strong hydrogen bonding between cysteine and glutamate that persisted for the entire trajectory. There were also a series of intermolecular interactions that persisted in 17% to 50% of the trajectory. One such interaction was between the backbone amino group of glutamate and the backbone carboxylate of glycine of an adjacent glutathione, as previously predicted (Fig. 4) . 15, 16 These two functional groups were less than 3.9 Å apart in 10% of the trajectory (Table S2 , ESI †). Such spacing suggested that the incorporation of a peptide bond at this position would lead to longer polymers without significant disruption to the overall structure of the complex.
To gain more insight into this possibility, repeating units of the tripeptide, including a hexapeptide and a dodecapeptide, were modelled. The RMSD of two hexapeptides and one dodecapeptide superimposed with the structure of four glutathiones coordinated to a [2Fe-2S] was 3.9 Å and 3.4 Å, respectively. If only the cysteine side-chain (Cb and Sg) ligands and [2Fe-2S]
were taken into consideration, the RMSD was 0.9 Å for the hexamer and 0.8 Å for the dodecamer. Since the modelling data suggested that repeating units of glutathione did not disrupt the structure of the complex, we probed whether duplication events could lead to [2Fe-2S] peptides of greater stability. Peptides of six, nine, and twelve amino acids in length corresponding to polymers consisting of two, three, and four glutathione units were synthesized (Fig. S13-S15 and Table S3 , ESI †) and evaluated for [2Fe-2S] binding and stability. All three peptides were capable of coordinating a [2Fe-2S], although the [2Fe-2S] coordinated to the nonapeptide rapidly degraded (Fig. S16-S18, ESI †) . This was consistent with the structural model. The stoichiometry between ligands and the [2Fe-2S] was fully satisfied by either two hexapeptides or one dodecapeptide in a manner that did not disrupt the overall structure of the complex. Conversely, a single nonapeptide would not provide enough cysteine ligands for cluster coordination, and two nonapeptides would distort the structure of the complex. Nevertheless, duplication events leading to a protoferredoxin would not have required passage through a nonapeptide state. A duplication of a tripeptide followed by a duplication of the resulting hexapeptide would give the dodecapeptide without an intermediate, less stable nonapeptide transition.
Polypeptides containing repeating sequences of glutathione are more stable and contain ferredoxin-like cysteine spacing.
[2Fe-2S] peptide stability was assessed in two ways, by determining the amount of excess peptide required to stabilize the cluster and by measuring the kinetics of the degradation of the [2Fe-2S]. For solutions containing 0.25 mM iron and 0.1 mM sulphide, the minimum amount of ligand needed to form the [2Fe-2S] was 20 mM for glutathione and 1 mM for both the hexamer and the dodecapeptide (Fig. 5a and Fig. S19, ESI †) . Comparison of the t 1/2 of the [2Fe-2S] for each peptide at a cysteinyl ligand concentration of 20 mM confirmed that the stability increased with increasing length of the polypeptide. The t 1/2 increased from 7 h for the tripeptide glutathione to 22 h for the hexapeptide and 35 h for the dodecapeptide (Fig. 5b and Fig. S19 , ESI †). The longer peptides that consisted of repeating tripeptide units not only led to increased [2Fe-2S] stability but also to sequences with similarities to modern day ferredoxins. Many ferredoxins contain a common CxxCxxC motif that provides three of the four ligands to the iron-sulphur cluster. The final cysteine ligand is farther away in primary sequence. Repeating glutathione units give the same spacing for the first three ligands (Fig. 5c) .
A process of duplication and accretion of abiotically synthesized peptides could have led to the emergence of contemporary protein folds. 22 Putative ancient peptides identified through comparative bioinformatics analyses of modern proteins are enriched in sequences associated with the binding of nucleic acids and ironsulphur clusters. These early peptides may have served as cofactors for catalytic RNA molecules, potentially leading to genetically encoded synthesis of proteins. 22 In addition to expanding the range of chemistry available to nascent, life-like chemical systems, ironsulphur clusters may have served as a template for the formation of longer peptide polymers. Peptide bonds between individually coordinated tripeptides, for example, could have formed through carbonyl sulphide-based chemistry 23 or assisted by peptides 24, 25 or ribozymes with peptidyl transferase activity 26 leading to hexa-and dodeca-peptides that are better able to bind [2Fe-2S] clusters. Until now, work on prebiotic peptide domains has remained theoretical.
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